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(57) ABSTRACT

An acoustic pretouch sensor or proximity sensor (110)
includes a cavity (104) with a first microphone (106 ) disposed
therein, and optionally a second microphone (108) disposed
outside of the cavity. A processing system (110) receives the
signals generated by the first microphone and analyzes the
spectrum to produce a result representing the resonant fre-
quency of the cavity. The processing system may optionally
subtract the second microphone signal spectrum from the first
to automatically compensate for changes in ambient noise.
The processing system uses the resonant frequency to esti-
mate the distance from the cavity opening to a surface (90).
For example, the pretouch sensors may be incorporated into a
stand alone device (100), into a robotic end effector (204), or
into a device such as a phone (300).
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ACOUSTIC PROXIMITY SENSING

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of Provisional Applica-
tion No. 61/552,603, filed Oct. 28, 2011, the entire disclosure
of which is hereby incorporated by reference herein.

BACKGROUND

Long range non-contact sensors such as RGB cameras,
depth cameras, and laser scanners are widely used, for
example in robotics for object recognition and pose estima-
tion. One application for these relatively long range sensors is
to obtain data for robotic grasp planning prior to manipula-
tion. Contact sensors such as tactile pressure sensors are
commonly used during the process of manipulation to pro-
vide force feedback information to a grasp controller.

The acoustic proximity sensor disclosed herein is a type of
“pretouch” sensor. Pretouch sensors are non-contact sensors
suitable for use to detect close proximity to an object, e.g., at
a range that is shorter than optical devices but longer than
contact-based tactile sensing. A novel pretouch or proximity
sensor, sometimes called a “seashell effect pretouch sensor”
has been found to work for close range proximity sensing on
a wide variety of materials. For example, the seashell effect
pretouch sensor may be used for both grasp control and grasp
planning in robotic systems. They may also be used in a
non-optical, non-contact system for obtaining three dimen-
sional data for an object.

Pretouch sensing is beneficial for robotic manipulation
because it provides reliable geometric information in the last
centimeter before contact. A disadvantage of tactile sensing
for collecting local geometric information is that contacting
the object may displace and/or deform the object. Pretouch
sensing may be implemented in a manner that is not subject to
problems associated with the manipulator device occluding
the camera. The pretouch sensor may be integrated directly
into the end effector of a robotic manipulator. Similarly, there
are typically no camera-to-hand registration errors because
the sensor is in the coordinate frame of the hand. A further
distinction between pretouch sensing and depth sensing tech-
nologies is that the latter typically fail below some minimum
distance.

Compared to tactile sensing, one can think, of a pretouch
sensor as a sensor that detects surface proximity, but has no
lower limit on detectable force, and thus is able to sense
arbitrarily compliant objects.

A pretouch sensor that relies on electric field sensing is
disclosed in U.S. Patent Application Publication No. US
2010/0256814, which is hereby incorporated by reference in
its entirety. Electric field pretouch sensing has many desirable
properties, but typically rely on the properties of materials
that are conductive or have high dielectric constant. Optical
pretouch depends on surface albedo, and thus fails in some of
the same cases as the long range vision sensors: transparent or
specular objects. Thus optical pretouch sensors may fail to
complement the longer range 3D visual sensors used to plan
grasps because they both rely on similar physical phenomena.
Optical pretouch sensors and 3D visual sensors are therefore
likely to fail in a correlated fashion. Seashell effect pretouch
sensors such as those disclosed herein have the desirable
characteristics of pretouch sensing systems using other tech-
nologies, but do not depend on electrical or optical material
properties. Thus seashell effect (acoustic) pretouch sensors
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2

work on materials that are difficult for electric field pretouch,
optical pretouch, and conventional vision/depth sensors.

SUMMARY

This summary is provided to introduce a selection of con-
cepts in a simplified form that are further described below in
the Detailed Description. This summary is not intended to
identify key features of the claimed subject matter, nor is it
intended to be used as an aid in determining, the scope of the
claimed subject matter.

An acoustic pretouch sensor or proximity sensor is dis-
closed that uses changes in the resonance frequency of a
cavity to estimate to distance between the opening, of the
cavity and a surface.

In an embodiment the acoustic proximity sensor includes a
first microphone located in a cavity and optionally a second
microphone located outside of the cavity. One or both of the
microphones may be electret microphones. A processing sys-
tem is configured to receive signals from the first microphone
and optionally the second microphone, to analyze the signals
to estimate a resonant frequency of the cavity, and uses the
resonant frequency to estimate the distance from the cavity to
a surface. For example, the sensor may be operable in the
range of 0-10 mm.

In an embodiment the processing system amplifies and
digitizes the first and second signals, estimates the respective
power spectrums, and subtracts the second signal spectrum
from the first signal spectrum. The spectrums may be esti-
mated, for example, using Welch’s method, Bartlett’s
method, or the like. The differenced spectrum may then be
filtered, for example with a Kalman filter. In an embodiment
the sensor is a passive device, relying only on ambient noise.

In another aspect of the invention, a robotic manipulator
having a base and a finger with an end effector connected to
the base includes an acoustic pretouch sensor. The acoustic
pretouch sensor includes a first microphone disposed in a
cavity, and a second microphone disposed outside of the
cavity. A processing system is configured to receive a cavity
signal from the first microphone and a reference signal from
the second microphone. The signals are analyzed to estimate
the resonant frequency of the cavity, which may be affected
by the proximity of a surface. The resonant frequency is then
used to estimate the distance to a surface.

DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advan-
tages of this invention will become more readily appreciated
as the same become better understood by reference to the
following detailed description, when taken in conjunction
with the accompanying drawings, wherein:

FIG. 1 illustrates an acoustic proximity sensor, or pretouch
sensor, in accordance with the present invention;

FIG. 2 is a block diagram illustrating an exemplary signal
processing system for the acoustic proximity sensor shown in
FIG. 1,

FIG. 3 illustrates a robotic actuator having an acoustic
proximity sensor similar to the sensor shown in FIG. 1 inte-
grated into its end effectors.

FIG. 4 is a block diagram illustrating components of a
robotic system using the robotic actuator illustrated in FIG. 3,
and

FIG. 5 illustrates a phone application for an acoustic prox-
imity sensor in accordance with the present invention.

DETAILED DESCRIPTION

There is a well-known folk myth that if one holds a seashell
to the ear, one can hear the sound of the ocean. The rushing
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sound is in fact the noise of the surrounding environment
resonating within the cavity of the shell. The same effect can
be produced with any resonant cavity. The resonator is simply
amplifying the ambient environmental noise in a frequency
dependent fashion that is determined by the resonant modes
of the specific cavity. It is easily verified that the perceived
sound depends on the position of the seashell with respect to
the head. Inspired by this seashell effect, we propose to mea-
sure the distance to nearby objects by detecting changes in the
ambient noise spectrum inside an acoustic cavity. For
example, a cavity with a microphone is integrated into a robot
finger; as the finger approaches a surface, the spectrum of the
noise collected by the microphone changes. We have found
that changes in the collected spectrum ma be analyzed and
correlated to the distance between the cavity opening and the
surface.

Robotic grasping in unstructured human environments is a
challenging problem for robotics. A key difficulty is the lack
ofreliable perception data, which may simply be the result of
limitation of conventional proximity sensors. Depth sensing
camera systems, including textured stereo cameras and struc-
tured infrared depth cameras, have dramatically improved
recently. However, these sensors frequently fail to provide
suitable point cloud information, because of geometric diffi-
culties (such as occlusion), material difficulties (transparency
or secularity), or the like. An acoustic pretouch or proximity
sensor is disclosed that may be used to generate suitable point
cloud data or to augment point cloud data provided by depth
cameras, with the aim of improving the grasps that can be
planned for an object. The disclosed acoustic proximity sen-
sor will have other uses apparent to persons of skill in the art.
In one example discussed below an acoustic proximity detec-
tor in accordance with the present invention is used to detect
when a cell phone is near a user’s head.

The acoustic proximity sensor disclosed herein takes
advantage of the fact that the resonant frequency of a cavity
will change as the open end of the cavity approaches a sur-
face. A detailed discussion of the acoustic theory underlying
the acoustic proximity sensor can be found in “Radiation
impedance of tubes with different flanges: numerical and
experimental investigations,” J. P. Dalmont, C. J. Nederveen,
N. Joly, J. Sound and Vibration, Vol. 244(3), pp. 505-534,
2001, which is hereby incorporated by reference.

A simplified drawing of a proximity sensor 100 in accor-
dance with the present invention is shown in FIG. 1. In this
embodiment the sensor 100 includes a housing 102 defining a
cavity 104 having an open end. A first microphone 106 is
disposed inside the cavity 104, and a second microphone 108
is disposed outside the cavity 104, for example on a face 103
of the housing 102. The first and second microphones 106,
108 are operatively in communication with a processing sys-
tem 110 that is configured to receive and analyze the signals
detected by the first and second microphones 106, 108.
Although the cavity 104 is illustrated as rectangular, it is
contemplated that the cavity may be of any shape. For
example in a current embodiment a substantially cylindrical
cavity is used for a pretouch sensor. Alternatively, an elongate
circuitous cavity, for example. A more detailed block diagram
of the sensor 100 is shown in FIG. 2.

The cavity 104 amplifies ambient noise preferentially in a
certain frequency response, e.g., the resonant frequency of the
cavity 104. The sound in the cavity 104 is collected by the first
microphone 106. For example, in as current embodiment the
first microphone is an omni-directional electret condenser
microphone cartridge with a sampling rate (Fg) 044,100 Hz.
The cavity signal from the first microphone 106 is amplified
in a preamplifier 112. For example, in a current embodiment
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the signal is amplified by 50 dB. The amplified signal is then
digitized with an analog-to-digital converter (ADC) 114. For
the same time period, the second microphone 108 collects the
ambient sound outside the cavity 104 to obtain a reference
signal. The reference signal is similarly amplified in a pream-
plifier 112, and digitized with an ADC 114'.

The power spectrum of the cavity signal is estimated 116,
and the power spectrum of the reference signal is estimated
116'. For example, in a current embodiment the power spec-
trum of the signals is estimated every 0.05 second (N=2205)
using a spectral density estimation 116, for example Welch’s
method for spectrum estimation, as is known in the art.
Welch’s method is an improvement on the standard peri-
odogram spectrum estimating method and on Bartlett’s
method, all of which use the discrete Fourier transform to
compute the periodogram. Other methods for spectrum esti-
mation are known and are also contemplated by the present
invention.

The spectrum of the reference signal is subtracted 118 from
the spectrum of the cavity signal to produce a subtracted
spectrum, before finding the peak power. Therefore, the effect
of changes in the ambient noise is removed in the subtracted
spectrum. The frequency of the subtracted frequency having
maximum power is estimated 120. The maximum power fre-
quency represents a resonance frequency for the cavity 104.
Methods for estimating spectral peak frequency are known in
the art. See: for example, E. Jacobsen, P. Kootsookos, Fast,
Accurate Frequency Estimations, IEEE Signal Processing
Magazine, Vol. 24(30), pp. 123-125, 2007, which is hereby
incorporated by reference in its entirety.

A filter 122 filters the frequency spectral peak to determine
a filtered resonance frequency. For example in a current
embodiment a Kalman filter is provided with process vari-
ance 10> and measurement variance 10~* is used. The vari-
ous design parameters in the current embodiment were
experimentally obtained, and attempt to balance the objec-
tives of a fast response time and measurement stability. The
filtered spectral peak frequency may then be processed 124 to
estimate a distance AX to a surface.

Over a near-field range, the resonant frequency of the cav-
ity 104 will vary monotonically as an object approaches the
open end of the cavity 104 (or the cavity 104 approaches a
surface). The particular functional dependency can be deter-
mined experimentally for a particular cavity configuration.
For example, in a current embodiment a lookup table is gen-
erated experimentally correlating a filtered resonance fre-
quency with a distance of a surface from the cavity 104
opening. The filtered resonance frequency is provided to a
processor 124 which is configured to use the frequency to
estimate the distance AX to an object near the opening of the
cavity 104. Other options include curve fitting the resonant
frequency with distance, or the like.

The particular lookup table or curve fit may depend on the
properties of the target object. Itis contemplated that different
lookup tables may be experimentally obtained tier different
target objects. The particular lookup table may then be
selected with knowledge of the object, or heuristically. Alter-
natively, a lookup table ma be selected from contemporane-
ously obtained data For example, an optical sensor may be
provided that overlaps the maximum range of the acoustic
proximity sensor 110. The lookup table may then be selected
based on obtaining a best fit to the optical sensor data in the
overlapping range.

Although a currently preferred embodiment is disclosed
that includes a second microphone 108 for generating a ref-
erence signal, it will be apparent to persons of skill in the art
that the system may alternatively be practiced without an
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external microphone 108, and without obtaining a reference
signal. For example, if the sensor is to be operated in an
environment with predictable acoustic characteristics, for
example in a quiet MOM or in a room having only known
sources of noise, then the signal from the cavity microphone
106 (which preferentially amplifies the resonant frequency of
the cavity), may be analyzed without subtracting a reference
signal. The cavity signal may be used to estimate a distance
from the cavity 104 to a surface without subtracting any
reference signal. Alternatively, an external control may be
provided that monitors environmental noise, and shuts off or
disregards cavity signal data when ambient noise conditions
are detected that might result in unreliable results. In this
embodiment rather than subtracting a reference signal data,
the cavity signal data may be analyzed only for time windows
wherein the ambient noise is within a predetermined decibel
range or within a predetermined rate of change of the ambient
sound characteristics.

FIG. 3 illustrates a robot 200 having opposed grasping
fingers 202, wherein the end effectors 204 of the fingers 202
are each provided with an acoustic proximity sensor 210
similar to the sensor 100 described above. The processing
system 110 may be disposed remotely from the microphones
106,108, but in signal communication therewith.

The robot 200 includes a base 206 for manipulating the

position of the plurality of fingers 202. Finger end effectors
204 may be, for example, grippers or tools. The sensors 210
are illustrated built into the end effectors 204 on the surface
that engages an object 90. It is also contemplated the sensors
100 may be disposed in the distal end flortion of the end
effectors 204 or on an end eftector tool, for example to use the
robot 200 for obtaining, point cloud information for the object
90. In an exemplary embodiment a cavity 104 is defined
having approximately cylindrical with a 2.5 min radius and 5
mm depth. The signal microphone has a thickness of about 3
mm.
In the embodiment of FIG. 3 the base 206 may also be
equipped with an optical sensor 213 such as a camera or the
like, which may be used for propositioning the fingers 202 to
bring the end effectors 210 within an effective range for
detecting the object 90. The end effectors 204 may further be
provided with additional sensors 215, for example with tactile
sensors such as strain gauges.

Ablock diagram for an exemplary embodiment of a robotic
arm client 250 in communication with the robot 200 is shown
in FIG. 4. The client 250 may be, for example a conventional
computer, such as a desktop computer, laptop computer, tab-
let computer, smart phone, or the like. The client 250 in this
embodiment includes a microprocessor 252, suitable
memory 254, and a controller module 256 that is configured
to interact with the robot 200. The client 250 is in signal
communication with the robot 200, which may be accom-
plished with a direct cable linkage, wirelessly, and/or through
a local or global network.

The robot 200 may further comprise an arm 201 for moving
the base 206 to a desired location near the object 90, and
further includes an arm controller 203, and a base controller
205. The base 206 may include the camera 213, and a con-
troller for the finger 202.

It should be appreciated that effectiveness of the acoustic
proximity sensor 210 does not depend on the optical or elec-
trical material properties of the object 90. Instead it depends
on the mechanical or acoustic properties of the object 90. For
example, the sensor 210 can detect transparent and extremely
light-reflective materials, which are difficult for optical sen-
sors to detect. Therefore, it is contemplated that the sensors
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210 could advantageously be used in a complementary fash-
ion with longer range optical depth sensors.

The performance of the pretouch or acoustic proximity
sensors 210 was evaluated by collecting 1,000 sensor read-
ings (filtered spectral peak frequency) at distances ranging
between 1 mm and 1.0 mm. In this embodiment the filtered
resonance frequency was found to begin decreasing from 6
mm distance from the object 90. Based on the testing an
effective threshold distance was determined. For example, the
sensors 210 in an embodiment sere fund to be effective at a
maximum distance in the range of 3-6 mm. Other configura-
tions may have greater or lesser maximum distance ranges.
For example, the pretouch sensor 210 may have an effective
range of 10 mm, or greater.

With pretouch sensors 210 in two (or more) fingers 202 of
a robot 200, the robot 200 will be able to grasp extremely
compliant and/or delicate objects 90, that may not be detect-
able to tactile sensors. It is also contemplated that multiple
pretouch sensors 210 may be provided on each finger 202 of
a robot, to provide additional surface data, for example sur-
face orientation, and the like. Using a plurality of acoustic
proximity sensors 210 on an end effector will facilitate a new
mode of pretouch point cloud data collection in which the
hand moves continuously collecting pretouch data. Because
the acoustic proximity sensor 210 is effective at relatively
short distances, the sensors may be used to obtain data to
generate a complete 3-D model of an object with high fidelity.

Another embodiment of an acoustic proximity sensor in
accordance with the present invention is illustrated in FIG. 5.
In this embodiment the proximity sensor is incorporated into
atelephone, for example a smart phone 300, and is configured
to provide a signal when the phone 300 is disposed very near
the user’s ear or face. The phone 300 is provided with a first
microphone 306 disposed in a cavity 304 that is open to the
from of the phone 300. Although the cavity 304 and the first
microphone 306 are shown near the bottom of'the phone 300,
it is contemplated that it may be alternatively positioned, for
example nearer to the earphone 308', for example if detection
of'proximity to the user’s ear is desired. A second microphone
308 is also incorporated into the phone 300 and may be
positioned at a convenient location. Although the second
microphone 308 is shown near a top end of the phone 300, it
may alternatively be positioned nearer the first microphone
306, for example. In an alternative embodiment, the speaker
or earphone 308' of the phone 300 may function as the second
microphone. A conventional smart phone 300 includes one or
more processors that are capable of calculating the resonant
frequency in the cavity 304, and using the resonant frequency
to estimate a distance from the user, when the phone 300 is
placed near the user’s face.

This proximity sensor may then be used to control the
operation of the phone 300. For example, the proximity sen-
sor may automatically answer an incoming call or activate a
program to detect user vocal commands when the phone 300
approaches the user’s ear or face. The phone 300 may adjust
the volume of the ring tone generator (not shown) and/or the
volume of the earphone 308 based on the distance to the ear.
Similarly, the proximity sensor may be used to turn the dis-
play oft when the phone 300 is ver near the user’s ear, to save
power.

It will be appreciated that the disclosed acoustic proximity
sensor does not rely on generating any tone, but rather uses
ambient noise to estimate the resonant frequency in a cavity.
Therefore, the present sensor is passive, which is herein
defined to mean it may be used without generating a tone or
other noise that may be annoying or unpleasant to a user.
However, it is contemplated in alternative embodiments, a



US 9,199,380 B2

7

speaker or tone generator may be incorporated into the sensor,
for example to improve the performance of the sensor.

While illustrative embodiments have been illustrated and
described, it will be appreciated that various changes can be
made therein without departing from the spirit and scope of
the invention.

The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:

1. An acoustic proximity sensor comprising:

a housing defining a cavity having a cavity opening;

a first microphone disposed in the cavity;

a second microphone disposed outside of the cavity; and

a processing system configured to receive a first signal

from the first microphone and a second signal from the
second microphone, and is further configured to analyze
the first and second signals to estimate an acoustic reso-
nant frequency of the cavity, wherein the analysis
includes estimating a first signal power spectrum for the
first signal;

wherein the processing system is further configured to use

the acoustic resonant frequency of the cavity to calculate
adistance from the cavity opening to an external surface
near the cavity opening.

2. The acoustic proximity sensor of claim 1 wherein the
sensor is operable to calculate the distance to the surface in a
range of 0-10 mm.

3. The acoustic proximity sensor of claim 1, wherein the
first microphone is an electret condenser microphone.

4. The acoustic proximity sensor of claim 1, wherein the
first signal corresponds to sound detected in the cavity and the
second signal corresponds to ambient noise outside of the
cavity.

5. The acoustic proximity sensor of claim 4, wherein the
processing system further estimates a second signal power
spectrum for the second signal and subtracts the second signal
power spectrum from the first signal power spectrum.

6. The acoustic proximity sensor of claim 5, wherein the
first and second power spectrums are estimated using one of
Welch’s method, Bartlett’s method, and the periodogram
method.

7. The acoustic proximity sensor of claim 5, wherein the
processing system comprises a preamplifier that amplifies the
first signal and an analog to digital converter that operates on
the amplified first signal.

8. The acoustic proximity sensor of claim 5, wherein the
differenced spectrums are filtered prior to calculating the
distance from the cavity to the surface.

9. The acoustic proximity sensor of claim 1, wherein the
sensor is passive.

10. A phone handset comprising an earphone, a user micro-
phone, and a video display, wherein the phone handset further
comprises the acoustic proximity sensor of claim 1.

11. The phone handset of claim 10, wherein the acoustic
proximity sensor is operable to control a parameter of the
video display.

12. The phone handset of claim 10, wherein the user micro-
phone also functions as the first microphone or the second
microphone recited in claim 1.

13. An acoustic proximity sensor comprising:

a substrate having a cavity with a cavity opening;

a first microphone disposed inside the cavity; and

a processing system configured to receive a first signal

from the first microphone and to analyze the first signal
to estimate an acoustic resonant frequency of the cavity,
wherein the analysis of the first signal includes calculat-
ing a first signal power spectrum for the first signal;
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wherein the processing system is further configured to use
the acoustic resonant frequency to calculate a distance
from the cavity opening to an external surface near the
cavity opening.

14. The acoustic proximity sensor of claim 13, further
comprising a second microphone disposed outside the cavity,
and wherein the processing system is configured to receive a
second signal from the second microphone.

15. The acoustic proximity sensor of claim 14, wherein the
processing system further calculates a second signal power
spectrum for the second signal and subtracts the second signal
power spectrum from the first signal power spectrum.

16. The acoustic proximity sensor of claim 13, wherein the
sensor is passive.

17. A robot comprising:

a base;

a finger operably connected to the base;

an end effector attached to the finger and incorporating an

acoustic pretouch sensor, wherein the pretouch sensor

comprises:

a first microphone disposed in a cavity having a cavity
opening;

a second microphone disposed outside of the cavity; and

a processing system configured to receive a first signal
from the first microphone and a second signal from
the second microphone, to calculate a cavity power
spectrum for the first signal, and to use the first and
second signals to estimate an acoustic resonant fre-
quency of the cavity;

wherein the processing system is further configured to use

the acoustic resonant frequency to calculate a distance
from the cavity opening to an external surface near the
cavity opening.

18. The robot of claim 17 wherein the pretouch sensor is
operable to calculate the distance to the surface in a range of
0-10 mm.

19. The robot of claim 17, wherein the first microphone is
an electret condenser microphone.

20. The robot of claim 17, wherein the first signal corre-
sponds to noise in the cavity and the second signal corre-
sponds to ambient noise outside the cavity.

21. The robot of claim 20, wherein the processing system
further calculates a reference signal power spectrum and sub-
tracts the reference signal power spectrum from the cavity
signal power spectrum.

22. The robot of claim 21, wherein the processing system
amplifies and digitizes the first and second signals prior to
calculating the cavity and reference signal spectrums.

23. The robot of claim 22, wherein the differenced spec-
trums are filtered prior to estimating the distance from the
cavity to the surface.

24. The robot of claim 17, wherein the pretouch sensor is
passive.

25. The robot of claim 17, further comprising an optical
sensor mounted to the base.

26. The robot of claim 17, further comprising a tactile
sensor disposed in the end effector.

27. The robot of claim 17, further comprising a second
finger attached to the base and having a second end effector,
wherein the second end effector incorporates a second pre-
touch sensor.

28. A method for acoustic pretouch sensing comprising:

providing an end effector with a first pretouch sensor com-

prising a cavity having a cavity opening, a first micro-
phone disposed inside the cavity, and a second micro-
phone disposed outside of the cavity;
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comparing a cavity acoustic signal generated by the first
microphone with a simultaneous reference acoustic sig-
nal generated by the second microphone to calculate an
acoustic resonant frequency of the cavity, wherein the
calculation includes estimating the power spectrum for
the cavity acoustic signal; and

estimating from the calculated resonant frequency of the

cavity a distance from the cavity opening to an external
surface near the cavity opening.

29. The method of claim 28, wherein the step of comparing
the cavity acoustic signal with the reference acoustic signal
comprises amplifying the signals, digitizing the signals, esti-
mating the power spectrum of the signals, and differencing
the power spectrums.

30. The method of claim 29, wherein the step of estimating
the power spectrum of the signals comprises using Welch’s
method, Bartlett’s method, or the periodogram method.

31. The method of claim 28, wherein the step of estimating
the distance from the cavity to the surface comprises using a
lookup table that correlates distance with resonant frequency
of the cavity.

32. The method of claim 28, further comprising providing
a longer range sensor, and using the longer range sensor to
preposition the acoustic proximity sensor near the surface.

33. The method of claim 32, wherein the longer range
sensor is a camera.
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